Background-Gastro-oesophageal reflux is often associated with cough. Patients with reflux show an enhanced tussive response to bronchial irritants, even in the absence of respiratory symptoms. Aim-To investigate the eVect of mucosal damage (either oesophageal or laryngeal) and of oesophageal acid flooding on cough threshold in reflux patients. Patients-We studied 21 patients with reflux oesophagitis and digestive symptoms. Respiratory diseases, smoking, and use of drugs influencing cough were considered exclusion criteria. Methods-Patients underwent pH monitoring, manometry, digestive endoscopy, laryngoscopy, and methacholine challenge. We evaluated the cough response to inhaled capsaicin (expressed as PD5, the dose producing five coughs) before therapy, after five days of omeprazole therapy, and when oesophageal and laryngeal damage had healed. Results-In all patients spirometry and methacholine challenge were normal. Thirteen patients had posterior laryngitis and eight complained of coughing. Twenty patients showed an enhanced cough response (basal PD5 0.92 (0.47) nM; mean (SEM)) which improved after five and 60 days (2.87 (0.82) and 5.88 (0.85) nM; p<0.0001). The severity of oesophagitis did not influence PD5 variation. On the contrary, the response to treatment was significantly diVerent in patients with and without laryngitis (p=0.038). In patients with no laryngitis, the cough threshold improved after five days with no further change thereafter. In patients with laryngitis, the cough threshold improved after five days and improved further after 60 days. Proximal and distal oesophageal acid exposure did not influence PD5. Heartburn disappeared during the first five days but the decrease in cough and throat clearing were slower.
Gastro-oesophageal reflux (GOR) has been reported to be associated with a variety of respiratory disorders such as bronchial asthma, posterior laryngitis, and nocturnal apnoea. [1] [2] [3] [4] In addition, previous studies have shown an association between chronic cough and GOR. Reflux was the sole cause of the problem in 10% of patients referred for evaluation of chronic cough. 5 6 Furthermore, respiratory symptoms disappeared after eVective antireflux therapy in the majority of patients with GOR. 6 7 The mechanisms underlying this association are unclear. Two hypotheses have been suggested: (1) aspiration of refluxed gastric juices into the airways induces inflammation and cough; and (2) cough is caused by an oesophageal-tracheobronchial reflex triggered by reflux of gastric contents into the oesophagus.
The first hypothesis is supported by the frequent coexistence of GOR and laryngitis 8 and by the finding of a gastro-hypopharyngeal reflux in a high proportion of patients with chronic unexplained cough. 9 The stumbling block to the general acceptance of this theory has been the inability to show aspiration in most patients using radioisotope techniques. 10 11 Furthermore, individual cough episodes are better correlated with GOR events in the distal rather than the proximal oesophagus. 5 The second hypothesis is supported by the fact that in patients with chronic cough, distal oesophageal perfusion with acid increases the frequency, duration, and intensity of the cough. 12 Moreover, cough is inhibited in these patients by instillation into the distal oesophagus of the local anaesthetic lignocaine. 12 However, in contrast with this hypothesis is the finding that cough and reflux are not temporally related in 80% of cases and when there is a relationship, cough precedes reflux twice as often as reflux precedes cough. 13 Moreover, chronic cough is rare compared with a reported 30% frequency of reflux in the general population.
14 These data were obtained in patients with respiratory symptoms, the coexistence of digestive symptoms of GOR often being an exclusion criterion. 15 In a previous study we found a high tussive response to inhaled capsaicin in patients with GOR but without respiratory disorders, inde-pendent of the actual presence of a cough. 16 Hence irritant factors (capsaicin is the irritant found in red chilli peppers) might elicit coughing in GOR patients even at low concentrations (which would not cause cough in normal subjects), independent of concomitant oesophageal acidification. It is not clear which factors contribute to this lowered cough threshold. Thus the aim of this study was to investigate the role of mucosal damage (either oesophageal or laryngeal) and of acid flooding of the oesophagus on the tussive response to capsaicin in GOR patients, studied under basal conditions, after five days of treatment with omeprazole (when maximal suppression of gastric secretion was expected), and after 60 days of treatment (when the mucosa had healed).
Materials and methods

PATIENTS
We evaluated patients referred to our gastroenterological outpatient clinic for digestive symptoms suggestive of GOR. Qualifying criteria were: (1) endoscopic findings of erosive oesophagitis; (2) a pathological GOR, defined as an oesophageal acid exposure time greater than our upper normal limit (see below); (3) absence of exclusion criteria. Exclusion criteria were the presence of chronic respiratory diseases (asthma, chronic bronchitis, interstitial lung diseases) or otolaryngological (ORL) diseases (allergic rhinitis, sinusitis and postnasal drip), recent (previous two months) acute respiratory infections, smoking (>5 cigarettes/ day), malignancy, pregnancy, or lactation. Patients receiving angiotensin-converting enzyme inhibitors, drugs influencing airway reactivity or lower oesophageal sphincter (LOS) tone, or gastric antisecretory treatments were also excluded.
Pulmonary and ORL diseases were excluded on the basis of a standardised interview and clinical examination. Specific investigations (pulmonary function testing, chest or sinus x rays, and skin prick tests to common allergens) were performed when indicated. We evaluated 160 patients with erosive oesophagitis over a period of 24 months. Thirty eight patients met the entry criteria; the main exclusion criteria were coexistent disease (42 patients), recent antisecretory treatment (60 patients), and smoking (56 patients). Twenty one patients agreed to participate in the study and gave written informed consent.
DESIGN OF THE STUDY
Each patient underwent upper gastrointestinal tract endoscopy, stationary oesophageal manometry, 24 hour oesophageal dual probe pH monitoring, spirometry, methacholine and capsaicin challenges, indirect laryngoscopy, ENT examination, and quantification of digestive and respiratory symptoms of reflux.
Manometry and pH monitoring were performed only on entry; endoscopy and laryngoscopy were also performed at the end of the study. Symptoms were evaluated on entry, after five days of omeprazole treatment (when acid suppression was expected to be at its maximum 17 but mucosal lesions would be unaVected) and after 60 days of treatment (when oesophageal and laryngeal lesions had healed). Methacholine and capsaicin challenges were carried out at entry, and after five and 60 days. In three patients final evaluations were delayed by three weeks because testing revealed incomplete healing of oesophageal (two patients) and laryngeal lesions. Omeprazole was prescribed at a dosage of 40 mg daily. The last dose was administered 24 hours before each testing session.
OESOPHAGEAL ENDOSCOPY AND FUNCTIONAL
TESTING
Oesophagitis was graded according to the Savary-Miller classification. 18 Manometry was performed using a low compliance infusion system. LOS basal pressure and location were determined using a station pull-through technique. Peristaltic wave amplitude and speed were measured in the distal (between 10 and 5 cm above the LOS) and proximal (between 20 and 15 cm above the LOS) oesophagus. 19 Proximal and distal oesophageal pH monitoring was performed using combined glass electrodes (Ingold Messtechnik, Germany) connected to a dual channel pH meter (Digitrapper Mark Gold II; Medtronic, Milan, Italy). Probes were located 5 cm above the LOS (distal oesophagus) and 3 cm below the upper oesophageal sphincter (proximal oesophagus). Patients led a normal life and completed a diary for body position, meals, reflux symptoms, and cough. The following parameters were considered: (1) oesophageal acid exposure-that is, the percentage of time with a pH below 4 for the distal (normal values <4.7%) and proximal (normal values <0.3%) oesophagus; (2) clearance of refluxate (mean duration of reflux episodes-that is, the mean time necessary for a decreased pH to return to a value above 5 for the distal (normal value < 2.6 minutes/reflux) and proximal oesophagus). Normal cut oV limits were calculated as mean +2 SD, taken from two Italian multicentre studies. 20 
21
LARYNGOSCOPY
An experienced otolaryngologist, blind to the results of pH monitoring and to the patient's clinical data, performed all indirect laryngoscopies. Posterior laryngitis was scored on a 10 point (0-9) scale 22 taking into consideration mucosal integrity, mucosal surface, mucociliary function, and degree of erythema.
SPIROMETRIC TESTING AND METHACHOLINE
CHALLENGE
Forced expiratory volume in one second (FEV 1 ) was measured using a water sealed spirometer (Biomedin, Padova, Italy). Airway reactivity to methacholine was measured using an ampoule-dosimeter device (Mefar, Brescia, Italy) as previously described. 16 Patients inhaled methacholine in doses ranging from 50 to 4000 µg. The test ended when FEV 1 decreased to more than 20% below the value measured at the beginning of the test (after inhalation of the phosphate buVer used for dilution of methacholine) or at a dose of 4000 µg. Results were expressed as the dose of methacholine causing a 20% decrease in FEV 1 (PD20).
CAPSAICIN CHALLENGE
The procedure for capsaicin challenge has been described previously. 16 Briefly, the capsaicin solution was prepared by dissolving 3.0 mg of the substance (Sigma Chimica, Milano, Italy) in 10 ml of 20% (vol/vol) ethanol in saline, obtaining a final concentration of 9.84×10 −4 M. The lowest concentrations were obtained by sequential twofold dilution of this solution. Aerosol was delivered by a jet nebuliser attached to the dosimeter, set to nebulise for 0.9 seconds at a pressure of 22 psi with an output of 10 µl/breath. The challenge was performed by single inhalation of doses increasing from 0.076 to 4.92 nM. Ethanol in saline was given at random to increase challenge blindness. The challenge continued until five or more coughs were produced or the maximum dose of capsaicin was attained. Results were expressed as the lowest dose causing five coughs (PD5); if more than five coughs were elicited, the PD5 value was obtained by linear interpolation between the doses causing more and less than five coughs. Clearly, the lower the PD5, the greater the tussive reactivity. If five coughs were not elicited after the highest dose, PD5 was arbitrarily given the value of 9.84 nM (that is, twice as high as the highest tested dose).
To ascertain the reproducibility of capsaicin challenge and to exclude a non-specific eVect of omeprazole on cough threshold, six patients with persistent cough but with no reflux disease (five post-nasal drip, one bronchial asthma) volunteered for repeated challenges under basal conditions, and after five and 30 days of omeprazole treatment, after giving written informed consent. PD5 values did not change (median 0.15, 0.22, and 0.15 nM, respectively).
SYMPTOMS
The severity of digestive and respiratory symptoms during the week before each examination was recorded on a linear visual analogue scale from 0 (no evidence of symptoms) to 10 (intolerable severity). The following symptoms were considered: heartburn, belching, acid regurgitation, throat clearing, throat burning, cough, and hoarseness.
STATISTICAL ANALYSIS PD5 values were transformed using base 2 logarithms before any statistical comparisons (as each time a twofold increase in capsaicin was administered). Analysis of variance for repeated measurements was used to test the diVerence in mean PD5 values and in mean visual analogue scores over time. The Student's t test was used to evaluate the diVerence in mean PD5 values between single points when analysis of variance showed the overall diVerence to be significant. A p value of 0.05 was always adopted. Even if significance tests were performed on log transformed PD5 values, for the sake of clarity results are reported as means (SEM) of the original values.
Results
All 21 patients completed the study. Table 1 shows the clinical and patient data. Eight patients complained of coughing during the day and two also during the night. Thirteen patients had objective signs of slight laryngeal involvement (usually inter-arytenoideal hyperaemia). FEV 1 was normal in all patients and did not change after treatment. PD20 methacholine could not be determined under basal conditions or after treatment, thus proving the absence of bronchial hyperreactivity. Neither oesophagitis grade nor the presence of laryngitis influenced these parameters.
At the beginning of the study, cough threshold was low in all except one patient (PD5 0.92 (0.46) nM). There was no significant diVerence in PD5 between patients with grade 1 and grade 2 oesophagitis (0.16 (0.05) v 1.29 (0.68) nM) or between patients with or without laryngitis (0.6 (0.37) v 1.43 (1.08) nM, respectively). There was no relationship between PD5 and the functional parameters of the proximal and distal oesophagus. Figure 1 shows PD5 behaviour during treatment. Changes in PD5 over the whole period were highly significant (p<0.001). After five days of treatment we found a significant increase in cough threshold compared with basal conditions (p=0.001). Five patients did not respond to the stimulus, even at the highest dose tested. After 60 days we found a further increase in cough threshold (p=0.002 v values after five days) and seven more patients became non-responders to capsaicin. In three patients PD5 did not change: in two it was already high under basal conditions (>4.92 nM). Figure 2 shows the cough threshold in patients suVering from slight (grade 1) or more severe (grade 2) oesophagitis. There was no significant diVerence between the two groups under both basal conditions (as mentioned above) or during treatment.
Figure 1 Results of the capsaicin challenge (expressed as the dose causing five coughs, PD5) under basal conditions and during the omeprazole treatment period (after five and 60 days).
In contrast, a significant diVerence (p=0.038) in response to treatment was found in patients with and without laryngitis (fig 3) . In patients with no laryngitis we observed an increase in cough threshold after the first five days (p=0.014) with no further increase during the next 55 days (p=0.640). In patients with laryngitis, we found a small but highly significant increase after the first five days (p=0.002) followed by progressive improvement with treatment (p=0.001 between results after five and 60 days). To explore the possibility that diVerences between patients with and without laryngitis may be caused by diVerent baseline values, covariance analysis was used and baseline values were used as covariates; the results did not change.
The mean values of the two curves were significantly diVerent after five days (p=0.003) but not under basal conditions (p=0.237) or after 60 days (p=0.639). After five days, when omeprazole had eliminated the confusing eVect (fig 4) . Figure 5 shows the cough threshold when patients were divided according to the median values of distal and proximal oesophageal acid exposure. Neither proximal nor distal oesophageal acid exposure significantly influenced PD5 under basal conditions or during treatment. Table 2 shows the variation in time of digestive (heartburn, belching) and respiratory (coughing, throat clearing) symptoms. Heartburn decreased rapidly and disappeared in most patients during the first five days. Cough decreased gradually and almost disappeared only after 60 days. The decrease in throat clearing was even slower. Patients with cough on entry to the study showed a tendency towards a lower cough threshold than patients without cough (PD5 0.2 (0.085) v 1.35 (0.73) nM). However, this diVerence was not statistically significant (p=0.10). Figure 6 shows the relationship between variations in the tussive response to capsaicin and in coughing during treatment, only for the eight patients who had a cough at the beginning of the study. There was a clear trend for the two parameters.
Figure 3 Results of the capsaicin challenge (expressed as the dose causing five coughs, PD5) in patients with (grades 1-3, 13 patients) and without (grade 0, eight patients) laryngitis, under basal conditions and during the omeprazole treatment period (after five and 60 days). Values are mean (SEM) plotted on a logarithmic scale. **p=0.003 between groups (Student's t test).
Discussion
The study confirms our previous findings 16 that patients with GOR have a reduced cough threshold, as demonstrated by an enhanced tussive response to capsaicin, even after exclusion of patients with some respiratory problems. A reduced cough threshold was found in the majority of our patients even if the actual prevalence of cough was lower. This finding indicates that cough is facilitated in most patients with GOR. Interaction with other factors such as airway infection or pollution is necessary to induce cough, with the possible exception of inhalation in patients with particularly severe reflux. The fact that no parameters of oesophageal function or reflux discriminated between patients with or without cough lends further support to this hypothesis.
Taking into account the fact that acid was present in the oesophagus of our patients on average for only 10% of the time, it seems unlikely that acid reflux would occur during capsaicin challenge. Therefore, the actual presence of acid in the oesophagus was not the cause of the reduced cough threshold. It appears more likely that exposure of the mucosa to gastric juices produces longlasting enhancement of the cough reflex.
A low tussive threshold in GOR patients may explain the lack of association in time between acid reflux episodes and cough 9 13 as a variety of stimuli can cause the symptom even in the absence of concomitant oesophageal acid flooding. Also, the prevalence of cough in onethird of subjects was high considering exclusion of common causes of chronic cough such as heavy smoking, post-nasal drip, bronchial asthma, and ACE inhibitor intake. This finding is probably due to the method we used to measure cough as the results of the visual analogue scale correlated with objective measurements of cough better than the questionnaires or cough diaries. 23 These data confirm previous observations in the general population indicating that cough is more prevalent in subjects with GOR symptoms than in those without, 14 and suggest a causal relationship between reflux disease and cough.
On entry no relationship was found between response to capsaicin and oesophagitis. The diVerence in PD5 between patients with grade 1 and grade 2 oesophagitis might appear at first to be of relevance. However, as the design of the study involved doubling the concentration, a wide variation in the data was expected. An overlap of 66.7% was found between the seven patients with grade 1 and the 14 patients with grade 2 oesophagitis. The variation in cough threshold during treatment was also unaVected by the grade of oesophagitis. These data suggest that the cough threshold is not influenced by the degree of mucosal inflammation and/or by exposure of subepithelial receptors. Even though our conclusions are limited by the small number of patients in the study and by the fact that all subjects had oesophagitis, this hypothesis is supported by our previous observation that oesophagitis does not play an independent role when acid exposure is taken into account. 16 At first glance acid reflux and laryngitis inflammation did not correlate with cough threshold. Basal cough threshold was not influenced by proximal or distal acid exposure and was similar in patients with or without laryngitis. However, diVerent conclusions may be drawn by studying patients after five days of treatment (that is, after eVective acid suppression but before mucosal healing) when the cough threshold improved in all patients. This clearly indicates a direct role of acid exposure. Secondly, there was a clear eVect of laryngeal inflammation. After five days the cough threshold was significantly lower in patients with laryngeal involvement and a relationship was found between laryngitis score and response to capsaicin.
The presence of laryngitis influenced the slope of the variation in cough threshold. In patients with no laryngitis the cough threshold increased after the first five days with no further change thereafter. In patients with laryngitis, the cough threshold increased after the first five days but increased even more after 60 days. In our patients laryngitis was always low grade probably because of the selection criteria. Patients with more severe laryngeal disease may require longer treatment for normalisation of mucosal inflammation and the tussive response.
These findings have practical therapeutic consequences. In patients with persistent respiratory/ORL symptoms, treatment with omeprazole for at least one month is often suggested to confirm a pathogenetic role of GOR. 24 25 Such prolonged treatment is probably necessary only in patients with posterior laryngitis; a much shorter course may be suYcient in other cases.
With regard to oesophageal acidification, neither proximal nor distal exposure to gastric juices significantly aVected the cough threshold under basal conditions or during treatment (variance analysis). However, more severe proximal exposure seems to cause a slower and incomplete normalisation of the tussive response ( fig 5) with a significant diVerence in PD5 values after 60 days (p<0.05, Student's t test). We are aware that a t test should not be performed when the result of the variance analysis is not significant but the test for interaction is likely to have a low power. Thus diVerences in the pattern of the tussive response according to the degree of proximal acidification cannot be ruled out.
Twenty four hour pH monitoring was not repeated at the end of treatment and we cannot exclude the fact that persistent acid reflux may have caused incomplete normalisation of the cough threshold in some patients. However, healing of oesophagitis and the rapid disappearance of heartburn in all patients after treatment argue against this hypothesis.
Our study was not designed to specifically investigate the eVect of omeprazole on respiratory and digestive symptoms but a few observations were apparent. Firstly, acid related symptoms such as heartburn disappeared after the first days of treatment. In contrast, respiratory symptoms decreased more slowly and in some patients they were still present at the end of treatment confirming their relationship with mucosal inflammation. Interestingly, the decrease of spontaneous cough, as assessed by the visual analogue scale, was similar to the change in tussive response to capsaicin. This finding indicates that the capsaicin challenge is a reliable index of the variation in time of coughing.
In conclusion, our study shows that patients with reflux oesophagitis have a reduced cough threshold even in the absence of cough. The reduced cough threshold is related to both laryngeal inflammation and acid flooding of the oesophagus. Oesophagitis plays a marginal, if any, role. Omeprazole treatment improves not only respiratory and gastro-oesophageal symptoms but also the cough threshold. This reduced cough threshold may represent the pathogenetic mechanism of unexplained chronic cough in some patients with gastrooesophageal reflux.
